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 7 
Abstract 8 
Gene gun is a micro-particles delivery system which accelerates DNA loaded micro-particles to a high 9 
speed so as to enable penetration of the micro-particles into deeper tissues to achieve gene transfection. 10 
Previously, microneedle (MN) assisted micro-particles delivery has been shown to achieve the purpose of 11 
enhanced penetration depth of micro-particles based on a set of laboratory experiments. In order to further 12 
understand the penetration process of micro-particles, a mathematical model for MN assisted 13 
micro-particles delivery is developed. The model mimics the acceleration, separation and deceleration 14 
stages of the operation of a gene gun (or experimental rig) aimed at delivering the micro-particles into 15 
tissues. The developed model is used to simulate the particle velocity and the trajectories of 16 
micro-particles while they penetrate into the target. The model mimics the deceleration stage to predict the 17 
linear trajectories of the micro-particles which randomly select the initial positions in the deceleration stage 18 
and enter into the target. The penetration depths of the micro-particles are analyzed in relation to a 19 
number of parameters, e.g., operating pressure, particle size, and MNs length. Results are validated with 20 
experimental results obtained from the previous work. The results also show that the particle penetration 21 
depth is increased from an increase of operating pressure, particle size and MN length. The presence of 22 
the pierced holes causes a surge in penetration distance. 23 
 24 
Key words: Modelling, gene gun, micro-particle, microneedle, penetration depth 25 
 26 
1. Introduction 27 
Gene guns are aimed at delivering DNA loaded micro-particles into target tissues at high speed (Zhang et 28 
al., 2013a; O’Brien et al., 2006; Yang et al., 2004; Lin, 2000). The penetration depths of the micro-particles 29 
are typically greater than the stratum corneum, i.e., the top layer of skin (Yager et al., 2013; Kendall et al., 30 
2004a,b; Mitchell et al., 2003; Chen et al., 2002; Quinlan et al., 2001). To understand various features of 31 
the micro-particles delivery and evaluate achievable performance from the gene guns, mathematical 32 
models are often developed which aim to simulate the micro-particles transfer process for specific gene 33 
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delivery system. For example, Liu (2006) has focused on simulating the velocity distribution in the 34 
converging (conical) section of a venturi system developed for a gene gun, namely, the PowderJect 35 
system (Bellhouse et al., 1994, 2003, 2006). The particle velocity has been simulated based on a balance 36 
between the inertia of micro-particles and other forces acting on the particles. Zhang et al. (2007) have 37 
used the programming platform MATrix LABoratory (MATLAB, the MathWorks Inc., Natick, USA; 38 
Shampine et al., 1997) to simulate three different stages of the particle delivery from a gene gun, namely, 39 
acceleration, separation and deceleration stages. In this work, the particle velocity have been analyzed on 40 
the basis of Newton’s second law in the acceleration stage, energy conservation is applied to describe the 41 
separation of micro-carriers into micro-particles in the separation stage, and Stock’s law is used to model 42 
the micro-particles penetration in the deceleration stage. Soliman et al. (2011) have used a commercial 43 
turbo-machinery flow simulator, namely, FINETM/Turbo (NUMECA International, Brussels, Belgium) to 44 
simulate the behaviour of gas and particle flow in a supersonic core jet in a gene gun. This work has used 45 
Newton’s second law to determine the penetration depths of micro-particles in the skin. As discussed 46 
below, a number of other studies have shown that the penetration depths of micro-particles depend on the 47 
momentums of the particles which again depend on the particle size, density and velocity. 48 
 49 
As well known, human skin is a major component of the body that must be considered in the study of 50 
micro-particles penetration. The skin helps to prevent the entry of foreign substances into the body 51 
(Holbrook et al., 1974; Scheuplein et al., 1971). It also provides a great resistance to the moving 52 
micro-particles during a particle delivery process. The skin consists of three main layers, which are the 53 
stratum corneum (SC), viable epidermis (VE) and the dermis (Parker, 1991; Phipps et al., 1988). On 54 
average the stratum corneum is between 10 and 20 μm thick (Holbrook et al., 1974) which may vary in 55 
different regions of the body and amongst different groups of people. The thickness of the epidermis also 56 
varies in different regions of the body but it has been reported to have an average thickness of 20 to 100 57 
μm (Matteucci et al., 2009; Schaefer et al., 1996). In addition, the thickness of the dermis varies between 58 
1.5 and 3mm (Lambert et al., 2008) and especially on the back it can be up to 4 mm thick (Rushmer 1966). 59 
The VE of the skin is the target layer for of DNA vaccination for previous needle free gene gun systems. 60 
Page 4 of 39 
 
 61 
Figure 1: A schematic diagram of the experimental rig for MN assisted micro-particles delivery (Zhang et 62 
al., 2013b)  63 
 64 
In a recent study, it has been shown that the penetration depths of micro-particles could be improved 65 
further to the dermis layer based on the use of microneedles (MNs) by creating holes on the target which 66 
allow a percentage of micro-particles penetrate through to achieve the purpose of improved penetration 67 
depth (Zhang et al., 2013b). MN arrays are minimally invasive systems that bypass the outer layer of skin, 68 
namely the stratum corneum, to achieve increased transdermal drug delivery (e.g., Olatunji and Das, 69 
2011; Donnelly et al., 2012; Nayak et al., 2013; Olatunji et al., 2013; Cheung et al., 2014). MNs are 70 
broadly classified into two categories, namely, solid and hollow (e.g., Al-Qallaf et al., 2009; Olatunji and 71 
Das, 2010; Olatunji et al., 2012; Nayak and Das, 2013; Han and Das, 2013; Zhang et al., 2013a,b; Olatunji 72 
et al., 2014). Using MNs and gene gun mimicking experimental rig (Figure 1), Zhang et al. (2013b) have 73 
shown that pellets bound with 40 mg/ml concentration of Polyvinylpyrrolidone (PVP) concentration yield 74 
approximately 70% of passage percentage of a pellet mass with good control on the size distribution of 75 
separated micro-particles using a mesh of 178 μm pore size. Solid micro-needles were used by Zhang et 76 
al., 2013(b) to create pores/holes in the target tissue which remain for sufficiently long time after removing 77 
the MN. Within that time, micro-particles can be fired in the same tissue. It has been shown that a number 78 
of micro-particles can penetrate into the tissue via the holes while other micro-particles may be stopped 79 
from penetrating into the target by the non-porous (i.e., without MNs created holes) area of the tissue. The 80 
micro-particles transfer process of this system is divided into three stages, which are the acceleration, 81 
separation and deceleration stages. For the acceleration stage, a ground slide carries a pellet of 82 
micro-particles which are accelerated together to a desired speed by high pressure compressed air. In the 83 
separation stage, the pellet will be released from the ground slide after it reaches a stopping wall in a 84 
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barrel; thereby it separates into micro-particles by a stopping screen with high speed. For the deceleration 85 
stage, the separated micro-particles spray forward, penetrate into the target via the holes made by solid 86 
micro-needle and stop inside the target.  87 
 88 
Zhang et al. (2014) have shown that the penetration depth of stainless steel micro-particles is enhanced in 89 
a skin mimicking agarose gel by using MNs. The work uses an agarose powder to prepare an agarose gel 90 
of a specific concentration (2.65 g/ml) to mimic the porcine skin based on its viscoelastic properties. This 91 
skin mimicking agarose gel is considered as a target instead of human skin to analyze the penetration 92 
depth of stainless steel micro-particles in relation to the operating pressure, particle size and MN length 93 
due to their homogeneity and transparency provide a good environment to observe the penetration by a 94 
digital optical microscope. The penetration depth of micro-particles in the gel is analyzed by an image 95 
processing software, namely, ImageJ (National Institutes of Health, Maryland, USA) (ImageJ, 2013). 96 
Zhang et al. (2014) show that the penetration depth increases with an increase of operating pressure, 97 
particle size and MN length. Especially, the high-speed micro-particles penetrate further into the target via 98 
the pierced holes which are created by MNs. However, the maximum penetration depth depends on the 99 
MN length which makes different lengths of holes on the target. 100 
 101 
In order to further understand the characteristics of MNs assisted micro-particles delivery from gene guns, 102 
the present study aims to develop a mathematical model of the process (Figure 1) for delivering the 103 
micro-particles into a target. In particular this paper aims to simulate the penetration depths of the 104 
micro-particles. From an experimental point of view, the micro-particles are compressed into a cylinder 105 
pellet, loaded into a ground slide, and accelerated by pressurized air. Thus, the velocity of the pellet is 106 
defined to be equal to the velocity of the ground slide at the end of the barrel for this set up. The pellet is 107 
broken up into separated micro-particles which pass through a mesh. As expected, the velocities of the 108 
separated micro-particles decrease due to energy loss from the impaction and passage though the mesh.  109 
 110 
In this paper, the mathematical formulation and it experimental validation are presented. The velocity of 111 
the micro-particles is simulated as it is one of the most important variables that determine penetration 112 
depth of the micro-particles in the deceleration stage. Furthermore, the model is formulated to mimic the 113 
acceleration, separation and deceleration stages of MNs assisted micro-particles delivery where the 114 
governing equations are solved using MATLAB (Version R2012b). It quantifies the effect of operating 115 
pressure on the velocity of the ground slide and compares the results with previous experimental data 116 
obtained by Zhang et al. (2013b) to verify the acceleration stage of the model. In addition, the trajectories 117 
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of the micro-particles in the deceleration stage are simulated to determine the routes of the micro-particles 118 
and distribution of the micro-particles in the three layers of skin. The developed model is used to study the 119 
penetration depth of micro-particles in relation to operating pressure, particle size and MN length and 120 
these are compared with a selection of experimental results for the experimental validation. Please note 121 
that the paper is focused on modelling the micro-particle delivery process. The issues related to the 122 
loading of genes on these particles and subsequent gene transfection in a target cells are not discussed in 123 
this paper.    124 
 125 
2. Methodology 126 
2.1 Governing equations for micro-particles transport in various stages 127 
As discussed earlier, the MNs assisted micro-particles delivery process consists of acceleration, 128 
separation and deceleration stages (Zhang et al., 2013a,b). Brief operation principles of each stage and 129 
the corresponding governing equations that have been used to quantify the process are presented in the 130 
following sections. 131 
  132 
2.1.1 Acceleration stage 133 
Acceleration stage uses a compressed gas as a driving force to accelerate the ground slide to a certain 134 
velocity which is controlled by the operating pressure in the receiver (see Figure 1). A compressed gas (air 135 
in this case) is released from a gas cylinder and stored in the receiver (Zhang et al., 2013b). The pressure 136 
inside the receiver is detected by a sensitive pressure transducer. Before the solenoid valve of the system 137 
is opened, the initial volume and pressure inside the receiver are V1 and P1. After the valve is opened, the 138 
gas expands and accelerates the ground slide. The volume of air increases to V2 and the pressure 139 
decreases to P2. Assuming that the gas expands adiabatically, we can apply the Boyle’s law (Webster, 140 
1995) to obtain:  141 
                             ( )
γγ += 21211 VVPVP                                 (1) 142 
Where γ is the heat capacity ratio. This process defines gas as a fluid where 4.1=γ for diatomic gas and 143 
6.1=γ for a monatomic gas.  144 
In the acceleration stage, only air does work on the ground slide. The work done by the gas is: 145 
                                  EdlRP
L
0
2
2 =π∫                                    (2) 146 
Where L is the length of the acceleration stage and R is the radius of the ground slide. 147 
 148 
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We define the final velocity of ground slide before reaching the stopping wall as u, and the mass of ground 149 
slide with the pellet as M. The kinetic energy of the ground slide is therefore given as: 150 
                                    
2Mu
2
1E =                                     (3) 151 
The sliding friction of the ground slide travelling in the channel is neglected in this formulation. Based on 152 
the law of conservation of energy, the velocity of the ground slide is given as: 153 
                    ( )γ−
−π+
=
γ−γ−γ
1M
])V()LRV[(VP2
u
1
1
12
111                            (4) 154 
 155 
2.1.2 Separation stage 156 
In the separation stage, the compressed air is released from the vent hole (see Figure 1) and the ground 157 
slide blocks the gas from flowing into the deceleration stage (Zhang et al., 2013a,b). Further, the pellet is 158 
broken up and separated into individual micro-particles by a mesh which then move across the mesh into 159 
the deceleration stage. In this process, the initial velocity of the pellet is equal to u which is the velocity of 160 
the ground slide. The pellet may lose some energy due to its impact on the mesh which separates it into 161 
individual micro-particles. Assuming that the energy loss is x in this process, the process is described 162 
based on the law of conservation of energy and given as: 163 
                          ( ) 2p21 um2
1x1nmu
2
1
×−=                                 (5) 164 
Where n is the number of micro-particles in the pellet; m is the mass of a single micro-particle; u1 is the 165 
velocity of micro-particles after passing through the stopping screen and mp is the mass of the pellet which 166 
can described as nmm p =  167 
 168 
The rearranged equation (5) gives: 169 
                               1uux1 =×−                                        (6) 170 
 171 
2.1.3 Deceleration stage 172 
The deceleration stage can be separated into two parts. In the first part, the particle travels between the 173 
mesh and the target. There is a gap between the mesh and target which allows spraying of the 174 
micro-particles on a large-area of the target tissue. Thus, the air drag force acting on the separated 175 
micro-particles should be considered in this process. The second step involves modelling the process of 176 
the particle penetration in the skin, which requires consideration of the resistance force from the skin on 177 
the micro-particles delivery. The micro-particles need to breach the SC and pierce the subsequent layers, 178 
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e.g., the epidermis layer. The detailed mathematical principles of these two steps are explained in 179 
sections 2.1.3.1 and 2.1.3.2. 180 
 181 
The trajectories of the micro-particles in the deceleration stage are simulated in two dimensions (2D). The 182 
initial positions and moving directions of high-speed micro-particles are randomly chosen from the 183 
beginning in the first step of the deceleration stage. The motion is considered to be linear but varying in 184 
velocity of the particles due to the effects of drag force on the particles. The particles are allowed to impact 185 
on the boundary of the gap between the mesh and skin. We define that these impacts are elastic collisions 186 
and the particles rebound on the boundary in the model. The detailed physical-mathematical principle of 187 
the micro-particle trajectories are discussed in section 2.1.3.3. 188 
 189 
2.1.3.1 Micro-particles travel in the gap between mesh and skin  190 
The separated particles decelerate in air before hitting the target (Zhang et al., 2013a,b). This process is 191 
described by the following energy balance equation: 192 
                                21dsfe2 mu2
1EEE =++                                  (7) 193 
Where E2 is the final kinetic energy of the separated micro-particle. Esfe is the surface free energy of the 194 
pellet and Ed is the energy lost due to the frictional drag force from the micro-particles in the air. 195 
 196 
The frictional drag force on a micro-particle in the air is given as:  197 
                                  pd
2
2d ACu2
1F ρ=                                      (8) 198 
Where Fd is the force of drag, ρ is the density of air, Ap is the projected cross-sectional area of the 199 
separated micro-particle, Cd is the air drag coefficient and u2 is the velocity of the separated particle in the 200 
space between mesh and target. 201 
 202 
The energy loss due to the drag force is given as: 203 
                                ∫= 1
L
0 dd dlFE                                        (9) 204 
After differentiating the energy loss Ed with the distance l we obtain: 
205 
                                   
dl
dE
F dd =                                       (10) 206 
Where l is the gap between the mesh and target. 207 
 208 
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The final kinetic energy of the separated particles before they hit the target is given as: 209 
                                      
2
22 mu2
1E =                                     (11) 210 
Based on equations (8) and (10), the relationship between the particle velocity and travel distance is given 211 
as 212 
dpd
2
2
2
2 FACu2
1
dl
du
mu =ρ=−                             (12) 213 
The drag coefficient Cd in equation (12) is an important parameter in the modelling of gas and particle 214 
interactions. This coefficient is a function of the particle Reynolds number (Re), which depends on the gas 215 
viscosity (μ) and density (ρ), particle diameter (d), and relative velocity (u2). For the purpose of this paper, 216 
the Reynolds number is defined as:  217 
                                     µ
ρ
=
du
Re 2                                        (13) 218 
The relationship between Cd and Reynolds number, as used in this work, are shown in the appendix.  219 
 220 
2.1.3.2 Micro-particles penetration in the target tissue  221 
The particle deceleration in the target skin has the same principle with the particle travel in the air. In the 222 
deceleration stage, the separated micro-particles are resisted by the tissue and their velocities are slowed 223 
down. Based on the law of conservation of energy, the drag force can be expressed as: 224 
                                dt
du
mf dd −=                                       (14) 225 
Where fd is the drag force for the micro-particles, ud is the velocity of separated micro-particles in the 226 
tissue. 227 
For the penetration in the target, various studies have adopted that the resistant force on the micro-particle 228 
is separated into three components, namely, yield force (Fy), frictional resistive force (Ff) and resistive 229 
inertial force of target material (Fi) (Soliman et al., 2011; Liu, 2007; Mitchell et al., 2003; Kendall et al. 230 
2001; Dehn, 1987). In consistent with these previous studies, we adopt the following the force balance 231 
equation: 232 
                              )FFF(
dt
du
m yfi
d ++−=                                   (15) 233 
The equation for each component of the resistant force is as shown below: 234 
                                  dpti ur6F πµ=                                        (16) 235 
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                                  2dptf uA2
1F ρ=                                       (17) 236 
                                  ypy A3F σ=                                          (18) 237 
Where μt is the viscosity of the target, rp is the radius of the micro-particle, ρt is the density of the target 238 
and σy is the yield stress of the target. 239 
 240 
2.1.3.3 The mathematical-physical principle and determination of micro-particle trajectory in 241 
deceleration stage 242 
To determine the trajectory of the micro-particles, the mathematical statement is formulated in two 243 
dimensions. Depending on the velocity, size of particle, etc., other important features of this is the 244 
possibility of different angles and positions of particle entrance which have direct implication on the 245 
velocity of the micro-particles. The air in the deceleration stage might move forward when the high 246 
pressure gas pushes the ground slide forward. Although the ground slide can stop the gas from entering 247 
the deceleration stage, the air flow still happens in the front of the ground slide and causes pressure drop 248 
in the deceleration stage. Hence, the axial gas pressure drop is greater than that in the radial direction, i.e.  249 
dr
dP
dz
dP rz >>  250 
As
dr
dP
dz
dP rz >> , the axial (z) velocity component is greater than the radial (r) component. Further, the 251 
velocity of the separated particle in the space between mesh and target is u2, and the initial velocity is 252 
equal to u1.  253 
Therefore                            2r
2
z
2
2 uuu +=                                      (19)  254 
We define that the radial velocity component as k percentage of the axial component.  255 
Therefore                              zr kuu =
                                       
(20) 256 
 257 
In our case, k is defined to be 0.2. The air in the holes of microneedles may flow when the high pressure 258 
gas pushes the ground slide along in the system (i.e., the barrel). Although, the ground slide can stop the 259 
gas from entering the deceleration stage, the air flow still happens in front of the ground slide and causes 260 
changes in pressure drop in the deceleration stage. In this case, the axial velocity component is greater 261 
than the radial component and, therefore, the k value should be low so that it practically imposes the 262 
above condition in the simulations. In reality, it is not easy to identify or directly measure the k values. 263 
Therefore, we have adopted an indirect approach to ascertain the value in our case. For this purpose, we 264 
have chosen three different k values, i.e., 0.1, 0.2 and 0.3, and determined the ground slide velocity for 265 
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each case. As we have the experimental data for the velocity as well, we compared the experimentally 266 
determined data to the simulated results. The results show that at these low values k, the ground slide 267 
velocity is not significantly affected by k values. More importantly, the results for the k value of 0.2 seem to 268 
match slightly better with the experimental results as compared to the other k values. On these bases, we 269 
have chosen a k value of 0.2 for all our simulations in this work. 270 
 271 
2.1.3.4. Micro-particle travel between mesh and target 272 
In the first part of the deceleration stage, the air drag force is presented in equation (8). According to 273 
Newton’s second law: 274 
                                  
dt
du
mmaF 2d ==
                                   
(21) 275 
Substitution of equation (8) into equation (21) provides:   276 
pd
2
d
2 ACu
2
1
dt
du
m ρ=
                                   
(22)
 
277 
For axial component, we have 278 
 pxdd
r AuuC
2
1
dt
du
m ρ=
                                 
(23) 279 
For radial component  280 
                               pydd
z AuuC
2
1
dt
du
m ρ=
                                 
(24) 281 
At the same time, the radial displacement component is: 282 
                             
r
r u
dt
dl
=
                                             
(25) 283 
The axial displacement component is: 284 
                             
z
z u
dt
dl
=
                                            
(26) 285 
The program uses an if statement to define the axial displacement component of the micro-particle is 286 
smaller than the space between the mesh and target or the radial displacement component is smaller than 287 
ly, the particle will impact on the walls before entering the skin. 288 
 289 
2.1.3.5. Micro-particle penetration in skin 290 
Once the micro-particles reach the surface of the target tissue, an increased resistance from the target 291 
prevents those micro-particles to move forward. The initial velocities of the micro-particles in axial and 292 
radial components equal the velocity at the end of the first step of deceleration stage. The following 293 
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velocity change of the micro-particles is calculated based on the Newton second law and it is shown in 294 
equation 27 which is obtained from equation 15: 295 
   
dptypp
2
d
d ur6A3Au
2
1
dt
du
m πµ+σ+ρ=                        (27) 296 
For the axial component of equation (27), we have 297 
  
rpt
d
r
ypprd
r ur6
u
uA3Auu
2
1
dt
dum πµ+σ+ρ=
                   
(28) 298 
On the other hand, the radial component of equation (27) is 299 
                         zpt
d
z
yppydd
z ur6
u
uA3AuuC
2
1
dt
dum πµ+σ+ρ=
                (29) 
300 
In the program, we have used an if statement to define the location of micro-particle. If the axial 301 
displacement component of a micro-particle is larger than the space between the mesh and target, and 302 
the radial displacement component is located at a space between two holes, the particle will pierce into 303 
the target skin. If the axial displacement component of the micro-particle is larger than the space between 304 
the mesh and target and the radial displacement component is located at a hole area created by the MN, 305 
the particle is defined to be delivered in a hole. Thus, a micro-particle is defined to travel forward in the 306 
hole, penetrate into the skin, and achieve a further penetration depth inside skin. The model behaviour is 307 
explained in the section 2.3 in detail. 308 
 309 
2.1.3.6. Quantitative description of the events involving micro-particle rebound between mesh and 310 
target 311 
In the first step of deceleration stage, the micro-particles may impact on the boundary of the gap between 312 
the mesh and target skin. We define that the particles impact on the boundary of the gap between the 313 
mesh and skin is an elastic collision, see Figure 2. 314 
 315 
The coordinates of radial and axial velocity components at a point on (x,y) axes are defined as (Vx, Vy). 316 
From Figure 2, it can be seen that in order to change from (x,y) axes to (r,z) axes, a rotation through 317 





 θ+
π
2
 is required. The new coordinates of the tangential and normal velocity components of that point 318 
are (Vr, Vz) on (r, z) axes. Using the standard matrix rules (Eberly, 2002) to perform the axes- rotation of 319 
the velocity vectors gives  320 
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When inverted, equation (30) gives 322 
  










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
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(31) 323 
 324 
Equation (31) therefore suggests that for the velocity on impact, the tangential and normal velocity 325 
components on the impact plane are 326 
 
θ−θ−=
θ+θ−=
sinVcosVV
cosVsinVV
ziriyi
zirixi
                              
(32) 327 
 328 
Figure 2: The trajectory of particle impact on a planar wall 329 
 330 
For the velocity on rebound, the tangential and normal velocity components may be written in terms of the 331 
following coefficients of restitution 332 
 
yinyr
xitxr
VeV
VeV
−=
=
                                    (33) 333 
iv
r
z
rv
x
y
riv
ziv
rrv
zrv
Impact 
Rebound 
θ
iv
rv
y
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x
− yiv
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xrv
i 
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Hence, rotating back through 




 θ+
π
2
, using equation (30), to get the radial and axial velocity components 334 
on rebound provide: 335 
 
)sinVcosV(sine)cosVsinV(coseV
)sinVcosV(cose)cosVsinV(sineV
zirinziritzr
zirinziritrr
θ−θ−θ+θ+θ−θ=
θ−θ−θ+θ+θ−θ−=
               (34) 336 
We define the collisions between micro-particles and the boundary of the gap between mesh and skin are 337 
elastic collision, and then the coefficient of restitution is equal to 1. It means that there is no energy lost 338 
due to the rebound; only the direction of motion has been changed. 339 
 340 
Table 1: The meaning of each variable in Figure 2 341 
Variables Description 
Vi The velocity on impact 
Vri The radial velocity component on impact  
Vzi The axial velocity component on impact  
Vr The velocity on rebound 
Vrr The radial velocity component on rebound 
Vzr The axial velocity component on rebound 
Θ The angle of boundary of the gap between mesh and skin 
I The impact point 
Vxi The tangential velocity component on impact 
Vyi The normal velocity component on impact 
Vxr The tangential velocity on rebound 
Vyr The normal velocity on rebound 
 342 
2.2 Selection of modelling parameters  343 
The impact velocity, particle size and density, target properties are defined as the major variables affecting 344 
the penetration depth. The layers of the skin are considered to mimic the human skin in the model (see 345 
Figure 3a). The skin is divided into two distinct macroscopic layers known as the dermis and the epidermis 346 
(Parker, 1991; Phipps, 1988). Stratum corneum is considered as a part of the epidermis layer.  Therefore, 347 
the skin is considered to have three layers in the model, which are shown in Figure 3b which is a 348 
magnified profile of a section of the model geometery shown in Figure 3a. The thicknesses of the different 349 
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skin layers differ which are listed in Table 2. The viscosity of each layer is treated as the same in the model. 350 
Previously, Zhang et al. (2014) have analysed the viscosity of the porcine skin using a rotational 351 
viscometer, which will be used as a replacement for human skin in the model and shown in Table 4. For 352 
example, the density of the stratum corneum and viable epidermis are defined as 1.5 and 1.15 g/cm3, 353 
respectively, in consistent with the results of Duck (1990). Wildnauer et al. (1971) have shown that the 354 
yield stress of stratum corneum range from 3.2 to 22,5 MPa, which have been obtained from the 355 
measurements of stress-strain characteristics of the human stratum corneum samples.  356 
 357 
Table 2: Skin properties used in the model 358 
Parameter Value Reference 
Thickness of VE, Tve (m) 
Thickness of SC, Tsc(m) 
0.0001  
0.00002 
Holbrook et al. (1974) 
Matteucci et al. (2008); 
Schaefer et al. (1996) 
Yield stress of SC , Ysc (MPa) 3.2 - 22.5 Wildnauer et al. (1971) 
Density of SC, ρsc (g/cm3) 1.5 Duck (1990) 
Density of VE, ρve (g/cm3) 1.15 Duck (1990) 
Yield stress of VE, Yve (MPa) 2.2 Kishino et al. (1988) 
Viscosity of skin, μt (Pas) 19.6 Zhang et al. (2014) 
 359 
In order to investigate the MN effect on the penetration depth, an in-house fabricated MN, Adminpatch MN 360 
1500 and 1200 are (nanoBioSciences limited liability company, Sunnyvale, CA, USA) chosen for both 361 
model and experiments. The detailed characterizations of each MN are shown in Figure 4 and explained 362 
in the Table 3. Zhang et al. (2014) have chosen Adminpatch MN 1500 to analyse the MNs assisted 363 
micro-particles delivery and show that the lengths of pierced holes vary after the removal of the MNs. But, 364 
the length of the pierced holes are considered uniform in the model and presented in Table 4. It is worth 365 
mentioning that the lengths of the pierced holes are from a study of the insertion of MN in a skin mimicking 366 
agarose gel (0.0265 g/ml of agarose), which has been obtained in a previous work (Zhang et al., 2014). 367 
McAllister et al. (2003) have assumed that after the removal of the MNs the surface area of the hole shrink 368 
to 60 percent of that the MNs which originally create the holes. In consistent with McAllister et al.(2003), 369 
the hole width is considered to be 60% of the width/radius of the MN (Table 4) at the time the 370 
micro-particles are delivered. The details can be shown in Figure 3a, which presents the pierced holes as 371 
uniform cones.  372 
 373 
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The relevant simulation parameters of the the proposed gene gun system are obtained from an 374 
experimental rig, which include the mass of the ground slide with pellet, volume of receiver, barrel length 375 
and radius and space between mesh and target (skin). Spherical and irregular stainless steel particles of 376 
18 and 30 μm average diameters are chosen to study the effects of particle size on the penetration depth 377 
for both the model and experiment. The details of the relevant parameters used in the model are listed in 378 
Table 4. 379 
 380 
Table 3: The characterizations of the MN array (Zhang et al., 2013b) 381 
Name Parameters Value (μm) 
Adminpatch MN 1500 Length 1500 
                      Width 480 
 Thickness 78 
 Space between MNs 1546 
Adminpatch MN 1200 Length  1200 
 Width 480 
 Thickness 78 
 Space between MNs 1252 
In-house fabricated MN  Length  750 
 Diameter 250 
 Space between MNs 500 
 382 
383 
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(a) 384 
 385 
(b) 386 
 387 
Figure 3: Structure of the deceleration stage (Adminpatch 1500): (a) the overall view of the deceleration 388 
stage, (b) the zooming view to show the skin layers 389 
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(a)  390 
(b)  391 
Figure 4: The image of MN arrays: (a) Adminpatch 1200 (b) In-house fabricated MN arrays 392 
 393 
Table 4: Relevant constants used in the developed model 394 
Parameter Value 
Mass of ground slide with the pellet, M (g) 
Length of barrel, L(m) 
1.25  
0.5 
Radius of barrel/ground slide, R(m) 0.00375 
Volume of receiver, V1 (L) 1 
Space between mesh and skin, L1 (m) 0.05 
Density of stainless steel (g/cm3 ) 8 
Average Diameter of spherical stainless steel particle (μm) 18 
Average Diameter of Irregular stainless steel particle (μm) 30 
Viscosity of air, μ (Pas) 1.78 
Length of pierced holes Lp (μm) Adminpatch 1500 1149 
                            Adminpatch 1200 1048 
In-house fabricated MN  656 
Width of pierced holes Lw (μm) Adminpatch 1500 302 
Adminpatch 1200 302 
In-house fabricated MN 156 
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 395 
2.3 Solving governing equations  396 
The governing equations for modelling the MNs assisted micro-particles delivery are solved using 397 
MATLAB (Version R2012b). MATLAB is a powerful programming software for computing and data 398 
processing and visualisation. For our case, we have used MATLAB’s in-built programming language to 399 
simulate the particle delivery process in each stage. The presented model consists of a main program to 400 
explain the overall process of the micro-particles delivery, several function programs to input the 401 
integration of the required mathematical equations, event programs to define the event locators of the 402 
rebound and impact points. All constant variables (e.g. skin properties, particle properties) are included as 403 
declared global variables at the start of the program with comments in the main program for the following 404 
simulation (see Tables 2 - 4). The acceleration stage is analysed in one-dimensional using equation (4) in 405 
the main program to predict the velocity from the beginning to the end of the barrel at various pressures. 406 
The separation stage is implemented using equation (6) in the main programme to define the energy loss 407 
of micro-particles during separation stage and then to calculate the velocity of micro-particles after the 408 
passage through the mesh.  409 
 410 
The presented model is focused on determining the trajectories of micro-particles in the deceleration stage. 411 
Firstly, the initial velocity of separated micro-particles in the deceleration stage (u2) is defined to be equal 412 
to u1 which is the final velocity of the separated micro-particles after passing though the mesh. The 413 
velocity of the separated micro-particles is then analysed in relation to time. After that a two dimensional 414 
figure corresponded to the structure of the deceleration stage is prepared based on the size of 415 
experimental set up as shown in Figure 3. The initial position and moving direction of high-speed 416 
micro-particles are randomly chosen from the beginning in the first step of the deceleration stage to mimic 417 
the condition of micro-particles passage through the mesh. The motion is considered to be linear but 418 
varying in velocity of the particles due to the effect of drag force. However, the mathematical equations 419 
used to determine the particle velocity are implemented in a separate function. An if statement is used to 420 
determine the selection of equations to calculate the particle velocity at different positions. This program is 421 
implemented to the main program by considering the condition of the function program (stiff/non-stiff) to 422 
choose a suitable ode solver to determine the velocity changing of micro-particles and plot the trajectories 423 
in the pre-plotted figure (Figure 3). The penetration depth of micro-particles in the skin is obtained from the 424 
figure. In addition, equations (12, 15) are solved using a separately function program and implemented 425 
into the main program to predict the penetration depth of micro-particles with/without using MNs in 426 
one-dimensional simulation. A for statement is used to repeat the same procedure to simulate a number of 427 
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micro-particles trajectories in the program. However, the number of micro-particles is defined as a 428 
constant and inputted at the start of the main program. 429 
 430 
Event program is used to define the impact points on the skin and the boundary of the gap between mesh 431 
and skin, and further to point out the end position of micro-particles inside the skin. Setting the events 432 
cause the solver to stop the integration when the micro-particles impact on the skin and the boundary of 433 
the gap between mesh and skin, and then restarts the integration corresponding to the continuous moving 434 
of a micro-particle. In addition, an event causes the solver to stop the integration when the velocity of 435 
micro-particles is less than 10-10 m/s. This event program is implemented in the main program to predict 436 
the events of micro-particles (e.g. impact on the boundary, penetrate into the skin) and show on the 437 
particle trajectories. 438 
 439 
3. Results and Discussions 440 
3.1 Acceleration stage 441 
The micro-particle velocity is a key variable in the micro-needle assisted micro-particles delivery process 442 
which is simulated and discussed in this section. As mentioned earlier, the developed mathematical model 443 
is built to simulate the acceleration stage of this process where a number of variables are considered such 444 
as the mass of the ground slide (including the pellet), volume of the gas receiver and, barrel length and 445 
diameter. The relevant constants are listed in Table 4.  446 
 447 
The operating pressure is another key variable in the model which affects the velocity of the ground slide. 448 
The principle of modelling the acceleration stage is explained in section 2.1.1. Indeed the model results 449 
show that the operating pressure has a significant effect on the ground slide velocity (Figure 5). As can be 450 
seen, an increase in the operating pressure causes an increased ground slide velocity. The velocities of 451 
ground slide reach 85.5, 102.2, 125.1, 138.3 and 144.5 m/s at 2.1, 3, 4.5, 5.5 and 6 bar pressures, 452 
respectively. 453 
 454 
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 455 
Figure 5: Effect of the operating pressure on the ground slide velocity (modelling results)  456 
Zhang et al. (2013b) have used a pair of photoelectric sensors to test the velocity of the ground slide in a 457 
set of experiments. A comparison is made between the results from the developed model and Zhang et al. 458 
(2014)’s experiments which are shown in Figure 6. As can be seen, both sets of results compare well at 459 
the chosen pressures. The velocity increases from an increase of operating pressure due to an increased 460 
kinetic energy of the ground slide. This set of results provides the confidence that the developed model is 461 
suitable for modelling the acceleration stage of the micro-needle assisted micro-particles delivery.  462 
 463 
It is seen that the predicted velocity is comparable with the velocity of the ground slide based gene gun 464 
system, e.g. light gas gun (Crozier, 1957; Mitchell at al., 2003) which can accelerate the micro-particles to 465 
velocities of 170, 250, 330 m/s at 20, 40 and 60 bar pressure. In this work the ground slide is operated at 6 466 
bar which shows that the velocity is slightly different with the LGG operated at 20 bar pressure. However, 467 
the velocity is much slower if it is compared with that of other gene gun systems, e,g. contoured shock 468 
tube (Truong et al., 2006; Mitchell et al., 2003), converging-diverging nozzle (Kendall et al., 2004a) and 469 
conical nozzle (Quinlan et al., 2001). The micro-particles normally can achieve a supersonic speed based 470 
on a needle free powder injection system, such as golden particle injector which may reach a velocity over 471 
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than 600m/s at 60 bar pressure using contoured shock tube (Liu et al., 2006; Mitchell et al., 2003). This is 472 
because the effects of the ground slide which slows down the particle velocity. 473 
 474 
An insufficient velocity means that the micro-particles cannot reach the desired depth inside the target due 475 
to the insufficient momentum. As the operating pressure was limited in the experiments of Zhang et al. 476 
(2013c), the velocity of the ground slide is simulated to reach a velocity of 457 m/s at 6 MPa using the 477 
model, which is much higher than the velocity obtained from LGG. Zhang et al. (2013b) have shown that 478 
the velocity increases with a decrease in barrel diameter and ground slide mass. Therefore, the velocity 479 
can improve by changing those two objects in Zhang et al. (2013b)’s experimental set up if higher velocity 480 
is necessary. Furthermore, Zhang et al. (2014) suggest that the penetration depth is maximized by using 481 
MNs. The MNs make up for the insufficient velocity of the micro-particles since the pierced holes created 482 
by MNs provide a positive effect on the penetration depths. This is explained more in section 3.2. 483 
 484 
Figure 6: Comparison of modelling (this work) and experimental (Zhang et al., 2013b) results of the ground 485 
slide velocity against the operating pressure. The experimental results in the figure are generated from 486 
three repeats of experiments. 487 
 488 
3.2 Deceleration stage 489 
3.2.1 The trajectory of the micro-particles 490 
Zhang et al. (2013b) have shown that a pellet can be separated into individual particles with a few 491 
agglomerates using a mesh which then can penetrate into the target. In this paper, the presented 492 
mathematical model is used to simulate the trajectories of stainless steel micro-particles of 30 μm average 493 
diameter in the deceleration stage. As presented in Figure 7a, the velocity of the micro-particles is 494 
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represented by the coloured trajectory. It is found that the velocity variation is negligible before they reach 495 
the target as the effect of air drag force on the micro-particles is low. It is also found that the velocity 496 
reaches approximately 131 m/s at 5 bar operating pressure according to the results in the figure. In 497 
addition, the micro-particles rebound on the boundary of the gap between mesh and skin is clearly shown 498 
in Figure 7a. However, the penetrations of micro-particles in the target are not visible in this figure. 499 
 500 
In theory, the particle velocity must decrease fast after penetrating into the skin due to an increased 501 
resistance to its motion. The variation of the velocity is shown in more detail in Figure 7b, which is 502 
obtained from zooming in a part of Figure 7a. As can be seen, the micro-particles only penetrate slightly in 503 
the stratum corneum layer of skin. The detailed penetration depth refers to the resultsof dashed line in 504 
Figure 8 (see the zoomed view of the axis), which shows that the stainless steel micro-particles of 30 μm 505 
diameter only penetrate around 1.9 μm inside the stratum corneum. 506 
 507 
Figure 7a also shows that a number of the micro-particles achieve a further penetration depth via the 508 
pierced holes. Some of them reaches the hole tip area as shown in Figure 7c. The velocity is changed only 509 
slightly in the pieced holes and decrease fast after penetrating the dermis layer of the skin. The 510 
penetration depth of the micro-particles via the pierced holes is shown in Figure 8 (see the zoom in view of 511 
the axis). As can be seen, the penetration depth of the micro-particles reaches 1151.1 μm when 512 
Adminpatch MN 1500 is used. However, some particles cannot reach the holes tip and penetrate through 513 
the skin surface of the pierced holes to achieve a further depth inside the epidermis/dermis layer of the 514 
skin as shown in Figure 7d. 515 
 516 
Finally, delivery of an arbitrarily selected number of micro-particles, namely one hundred (100) 517 
micro-particles, has been simulated to determine the particle’s final location in each layer of skin. As 518 
presented in Figure 9, it shows that about 75% of micro-particles stop inside the stratum corneum, 2% is 519 
located within the epidermis layer, and 23% penetrates further into the dermis layer. In addition, the 520 
micro-particles stopped inside the epidermis or dermis layer are considered to penetrate through the 521 
pierced holes, which illustrate the use of the Adminpatch MN 1500 allowing approximately 25% of the 522 
micro-particles penetration in the skin via the pierced holes. The detailed effects of the MN length, particle 523 
size and operating pressure on the penetration depth are explained in the following sections.  524 
  525 
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Figure 7: The trajectories of the micro-particles in the deceleration stage for the MN assisted 550 
micro-particles delivery: (a) The overall view of the micro-particles trajectories, (b) The particle penetration 551 
at the area without needle hole, (c) The particle penetration at the hole tip area inside skin (d) Particle 552 
penetrates into the side surface of the needle hole inside skin (stainless steel micro-particles of 30 553 
diameter; pressure: 5 bar) 554 
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 555 
Figure 8: The travel distance of micro-particles in the skin against the velocity. 556 
 557 
Figure 9: The distribution of the micro-particles in different layers of skin 558 
 559 
3.2.2 Comparison with experimental results 560 
As mentioned earlier, Zhang et al. (2013c) have used an agarose gel to mimic the skin on the basis of 561 
rheological properties using a rotational viscometer. The work shows that the rheology of 0.0265 g/ml 562 
concentration of agarose gel matches well with that of porcine skin, and this skin mimicking agarose gel is 563 
used as a target instead of human skin to analyse the penetration depth in relation to the operating 564 
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pressure, particle size and needle length. The operating pressure is varied from 3 to 5 bar to accelerate 565 
biomedical grade stainless steel micro-particles of 18 and 30 μm average diameters to analyse the effect 566 
of the particle size and operating pressures on the penetration depths of the particle. Three different 567 
lengths of micro-needle arrays, which are in-house fabricated MN (750 μm) and Adminpatch MN 1500 568 
(1500 μm) and 1200 (750 μm) are chosen to investigate the effect of MN length on the penetration depth. 569 
Results show that the penetration depth of micro-particles increases from an increase of particle size, 570 
operating pressure and MN length. 571 
 572 
In the following sections of this paper, the experimental results obtained from the previous work are 573 
compared with model results to verify the applicability of the model and further understand the MNs 574 
assisted micro-particles delivery. 575 
 576 
3.2.2.1 The effect of the operating pressure and particle size on penetration depth 577 
In general, operating pressure is one of the major variables which affect the momentum of the 578 
micro-particles and is expected to affect the penetration depths of the micro-particles inside a target. To 579 
confirm the significance of this effect, delivery of stainless steel micro-particles of 18 and 30 μm average 580 
diameters are simulated at operating pressure varies from 3 to 60 bar. The results of these simulations are 581 
presented in Figure 10. In the figure, the solid lines represent the micro-particles delivery without the MN 582 
pierced holes and they correspond to the primary y axis (y1). The penetration depths of the micro-particles 583 
via the pierced hole are considered through the secondary y axis (y2). As can be seen, the results show 584 
that an increase of the operating pressure causes a slight increase in the penetration depth. It also shows 585 
that stainless steel micro-particles of 18 μm diameter can penetrate only from 0.58 to 2.59 μm in the skin 586 
(inside the stratum corneum) in the pressure ranging from 3 to 60 bar. However, a number of 587 
micro-particles delivered through the pierced holes penetrate into the dermis layer. The penetration depth 588 
inside the dermis layer is slightly more than the stratum corneum due to a decreased yield stress. As 589 
expected, the pierced hole has a greater effect on the penetration depth. The penetration depth rises from 590 
1149.58 to 1151.66 μm when Adminpatch MN 1500 is used for the pressure ranging from 3 to 60 bar. In 591 
addition, Figure 10 shows the penetration depth of 18 μm diameter of stainless steel micro-particles is less 592 
than 30 μm diameter. The effect of the micro-particles size on the penetration depth is discussed in the 593 
following section.  594 
 595 
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 596 
Figure 10: The effect of the operating pressure on the penetration depth of the micro-particles in the skin 597 
(stainless steel micro-particles: 18 and 30μm average diameters; MN: Adminpatch MN 1500; solid line: 598 
primary y axis; dashed line: secondary y axis) 599 
 600 
The penetration depth of the micro-particles is also related to the size of the micro-particles which is one of 601 
the major variables that affects the particle momentum. As presented in Figure 11, the diameter of the 602 
micro-particles shows a positive correlation with the penetration depth. In this figure, the results plotted in 603 
solid line are for the penetration of the micro-particles without pierced holes and are referred by the 604 
primary y axis. The secondary y axis explains the results plotted in the dashed line and show the 605 
maximum penetration depth of the micro-particles which goes through the pierced hole. The penetration 606 
depth is found to be from 0.71 to 37.12 μm in the top two layers of the skin (stratum corneum and viable 607 
epidermis layers) at operating pressure of 5 bar while the particle diameter ranges from 18 to 140 μm. It 608 
indicates that the small micro-particles cannot penetrate further in the skin so much as they are rebounded 609 
by the skin due to the insufficient momentum. However, this condition may be fixed by the use of a MN 610 
array. As shown in Figure 11, the penetration depth increases from 1149.75 to 1189.73 μm, which is 611 
enhanced by delivering a number of micro-particles through the pierced holes created by the Adminpatch 612 
MN 1500. The penetration depth in dermis layer varies from 0.75 to 40.73 μm which is more than the 613 
penetration in top layer.  614 
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 615 
Figure 11: The penetration depth of stainless steel micro-particles inside skin against the particle diameter 616 
(operating pressure: 5 bar; MN: Adminpacth MN 1500; solid line: primary y axis; dashed line: secondary y 617 
axis) 618 
 619 
A comparison between model and experimental results on penetration depths is shown in Figure 12. 620 
Micro-particle penetration without (solid lines) and with (dashed lines) pierced holes refer to the primary 621 
and secondary axes, respectively. As can be seen, the operating pressure and particle size have greater 622 
effects on the penetration depth for the experimental results. The penetration depth rises fast as the 623 
operating pressure is increased. It also shows a significant difference between stainless steel 624 
micro-particles of 18 and 30 μm diameter, which demonstrates that an increased particle size has a 625 
positive correlation on the penetration depth. However, those two variables only have slight effects on the 626 
penetration depth according to the model result. This is because the pellet is considered to be separated 627 
into individual particles perfectly in the mathematical model which does not happen in practice. Zhang et al. 628 
(2013b) have used different pore sizes of meshes to break up the pellet separation and control the size 629 
distribution of the separated particles, which show that the pellet has been broken into individual particles 630 
effectively with only a few small agglomerated particles. These agglomerated particles may cause an 631 
increased penetration depth and further improve the effect of the operating pressure on the penetration. 632 
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 633 
 634 
Figure 12: A comparison between model and experimental results at various operating pressures 635 
(stainless steel micro-particles: 18 and 30 diameters; MN: Adminpatch MN 1500; solid line: primary y axis; 636 
dashed line: secondary y axis). The experimental results in the figure are generated from three repeats of 637 
experiments. Due to possible formation of agglomerates in the experiments, experimental and the 638 
modelling results do not match very well. 639 
  640 
Figure 12 also shows that the micro-particles penetration through the pierced holes varies between model 641 
and experimental results. For the model result, the length of the pierced holes is considered to be a 642 
constant. Thus, the penetration difference between stainless steel micro-particles of 18 and 30 μm 643 
diameters is only slight since the momentum of those two particles are insufficient to penetrate further in 644 
the skin. These differ with experimental results which show that the penetration depth varies at the 645 
operating pressure ranges from 3 to 5 bar. This is because the length of the pierced holes is varied after 646 
the removal of the MNs in the experiment. It directly affects the micro-particles penetration depth, such as 647 
small particles may penetrate further than larger particles. As presented in Figure 12, the penetration 648 
depth of stainless steel micro-particles of 18 μm diameter is more than 30 μm diameter at 3 and 3.5 bar 649 
pressure. However, the experimental results show that the stainless steel micro-particles of 30 and 18 μm 650 
diameters reach the penetration depth from 1119.7 to 1314.4 μm and from 1188.3 to 1255.1 μm while the 651 
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pressure varies from 3 to 5 bar, respectively. The operating pressure only presents a slight effect at this 652 
condition. As expected, the length of the pierced holes becomes the primary factor which maximizes the 653 
penetration depth. It directly relates to the length of MN. The effect of the micro-needle length on the 654 
penetration depth is discussed in the following section. 655 
 656 
3.2.2.2 The effect of the micro-needle length 657 
In principle, the length of the pierced hole depends on the length of the micro-needle. An increased length 658 
of MNs causes an increase in the pierced holes and thereby increases the penetration depth of 659 
micro-particles. As presented in Figure 13, the penetration depths of the micro-particles differ significantly 660 
between each application of MNs. Both model and experimental results present that the penetration depth 661 
increases from an increase of MN length. For the model result, the operating pressure does not show a 662 
great effect on the penetration depth. For the experimental result, the penetration depth is varied at the 663 
operating pressure ranges from 3 to 5 bar. This is because the effect of the agglomerates and the 664 
unmaintainable length of pierced holes, which are presented in previous section. The operating pressure 665 
presents a positive effect on the penetration depth, which agrees with the model result. 666 
 667 
In conclusion, the experimental results match well with the model results in Figure 13. It confirms that this 668 
mathematical model is suitable for modelling MNs assisted micro-particles delivery. It also indicates that 669 
the micro-particles can be deposited at a desired depth in a target based on a use of specific lengths of 670 
MNs. In addition, the penetration depth gradually increases with the increase in operating pressure. It can 671 
be considered that based on the assistance of the holes on the micro-particles delivery, the penetration 672 
depth can be fine tuned by the operating pressure. 673 
 674 
3.3 Further discussions 675 
In this paper, the penetration depths of micro-particles are analyzed with respect to variations in operating 676 
pressure, particle size, MN size using modelling and experimental results. It is evident that the particle 677 
penetration depth increases from an increase of the operating pressure and particle size as the particle 678 
momentum is related to those two key variables. In the experiments, the agglomerates provide a greater 679 
effect on the particle penetration depth. This is possibly why the model results could not match well with 680 
the experimental results in this paper. However, the agglomerates can be prevented by using a smaller 681 
pore size of mesh to allow individual micro-particles to pass through which provide obtain a uniform 682 
penetration depths of the particles and comparable well with model results. 683 
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 684 
Figure 13: The effect of the micro-needle length on the penetration depth of the stainless steel 685 
micro-particles (30 μm). The experimental results in the figure are generated from three repeats of 686 
experiments. 687 
 688 
The paper confirms that an application of MN array provides a positive effect on the micro-particles 689 
penetration. The maximum penetration depth of the micro-particles has presented a significant increment 690 
from the results without MN application. For the MN assisted micro-particles delivery, the penetration 691 
depth reaches the dermis layer inside skin, which was not achieved in the previous gene gun systems 692 
(e.g., injection jet, light gas gun, contoured shock tube, etc). Mitchell et al. (2003) have used a light gas to 693 
accelerate the stainless steel micro-particles of 25 μm diameter to a velocity of 170 m/s (20 bar) and 694 
penetrate 150 μm into excised canine buccal mucosa. Kendal (2001) has suggested that the 1 ± 0.2 μm 695 
diameter gold particles can reach a velocity of 580 ± 50 m/s at 40 bar pressure using a contoured shock 696 
tube and penetrate 66 μm in the skin. The epidermis has been normally considered as the target tissue for 697 
gene loaded particle delivery as the devices may be limited by the penetration depth they achieve (Trainer 698 
et al., 1997). Now the target tissue may be the dermis layer as the use of MNs promise to increase the 699 
penetration depths further. In other words, the MN may be useful for the injection of micro-particles 700 
especially for the targets which require a deeper injection of the particles. 701 
  702 
0
200
400
600
800
1000
1200
1400
1600
2.5 3 3.5 4 4.5 5 5.5
Pe
ne
tr
at
io
n 
de
pt
h 
(µ
m
) 
Pressure (bar) 
                 Model results                                         Experimental results 
Adminpatch MN 1500 µm Adminpatch MN 1500 µm
Adminpatch MN 1200 µm Adminpatch MN 1200 µm
In-house fabricated MN 750 µm In-house fabricated MN 750 µm
Page 33 of 39 
 
4. Conclusions 703 
A mathematical model has been developed for MN assisted micro-particles delivery from gene guns. MN 704 
assisted micro-particles delivery, and in particular the penetration depths of the particles, are studied in 705 
this paper. For the acceleration stage, the particle velocity is analysed in relation to the operating pressure 706 
and these results compare well with the experimental results obtained from the previous work (Zhang et 707 
al., 2013b). For the deceleration stage, an individual micro-particle trajectory has been simulated in the 708 
model. Additionally, the distribution of the micro-particles in three different layers has been determined 709 
using modelling results. These results show that about 75% of particles penetrate into the stratum 710 
corneum without going through the holes, and 23 and 2% of particles penetrate into epidermis and dermis 711 
layers via the pierced holes, respectively. The presented model for MN assisted micro-particles delivery 712 
takes into consideration possible change in operating pressure, particle size, MN length due to the 713 
micro-particles delivery is directly related to those key variables. Model results obtained indicate that 714 
increasing the operating pressure and particle size would increase the penetration depth of the 715 
micro-particles inside skin due to the increased momentum. In addition, the hole length is shown to be a 716 
major variable which maximizes the particle penetration depth. The model results match well with the 717 
experimental results for the penetration depth of micro-particles. In conclusion, the presented model is 718 
shown to be useful for simulating micro-particle trajectories and penetration depth for MN assisted 719 
micro-particles delivery. 720 
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8. Appendix 909 
 910 
The drag coefficient as function of particle Reynolds number, as used in this work (Morsi and Alexander, 911 
1972) 912 
 913 
Re/0.24=dC         for Re<0.1, 914 
69.3Re/0903.0Re/73.22 2 ++=dC     for 0.1<Re<1.0, 915 
222.1Re/8889.3Re/1667.29 2 +−=dC    for 1.0<Re<10.0 916 
6167.0Re/67.116Re/5.46 2 +−=dC      for 10.0<Re<100.0 917 
3644.0Re/2778Re/33.98 2 +−=dC      for 100.0<Re<1000.0 918 
357.0Re/1075.4Re/62.148 24 +×−=dC  for 1000.0<Re<5000.0 919 
